DNA fragments from promoter regions of the geminivirus, African cassava mosaic virus, were cloned into pG1, a vector based on pUC18, producing transcriptional fusions with the fl-glucuronidase (GUS) gene and nopaline synthase termination sequence. The activity of each promoter construct was assessed by analysing the transient expression of GUS in Nicotiana clevelandii protoplasts. The results demonstrated that constructs containing the common region of DNA A showed much stronger promoter activity in the complementary sense than in the viral sense. These results were supported by the analysis of promoter activity in transgenic N. benthamiana plants. In comparison, in protoplasts a region upstream of the AC2 open reading frame was shown to have moderate promoter activity. Unlike DNA A, the complementary sense DNA B promoter constructs had weak activity; the viral sense DNA B promoter constructs appeared to be regulated by host factors. The implications of these results for the regulation of early and late genes are discussed.
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African cassava mosaic virus (ACMV; synonym cassava latent virus) is a member of the geminivirus group (Stanley, 1985) and has a genome composed of two circular ssDNA molecules, A and B, each of approximately 2.7 kb (Stanley & Gay, 1983) . Messenger RNA transcripts have been mapped to both the viral and complementary senses of DNAs A and B (Townsend et al., 1985; Davies et al., 1987) , and suggest that transcription is driven from a bidirectional promoter region of non-coding DNA including sequences found on both molecules (nucleotides 1 to 195), known as the Common region. Study of the putative promoters of ACMV may provide a good model for understanding the control of gene expression in plants.
In ACMV DNA A, major and minor virion sense transcripts have been mapped, starting at nucleotides 278 and 378 respectively, having a common 3' terminus at nucleotide 1240 and encompassing the coat protein open reading frame (ORF). Two transcripts of 1.7 kb and 0-7 kb have been mapped which encompass the overlapping complementary sense ORFs (Davies et al., 1987) , which have been implicated in virus replication (Davies & Stanley, 1989) . The 1-7 kb transcript encoding the AC1, AC2 and AC30RFs starts at nucleotide 20 and has a 3' terminus at nucleotide 1220, in common with the 0.7 kb transcript encoding the overlapping AC2 and AC30RFs.
Major transcripts of 0-9 kb and 1.1 kb have been mapped which encompass the ACMV DNA B ORFs BV1 and BC1, respectively; these genes are essential for plant infection and virus spread (Etessami et al., 1988) . Consensus sequences typical of eukaryotic promoters were identified upstream of the major RNA transcrip~:s (Townsend et al., 1985; Stanley, 1985) . The transcript data and consensus sequences identify five puta,lve promoter regions in the ACMV genome.
In this report, DNA fragments from each of the promoter regions were tested for promoter activity by assaying transient expression of a reporter gene in protoplasts and constitutive expression in transgenic plants. To provide an assay system, the fl-glucuronidase (GUS) gene (Jefferson, 1987) and the nopaline synthase (NOS) termination sequence (Depicker et al. 1982) were inserted into pUC18, generating the vector pG1 (as described in Fig. 1 ). Each promoter fragment was cloned into pG1 in one or both orientations immediately 5' to the GUS gene (Fig. 1) .
The results (summarized in Table 1) showed that the highest level of GUS expression obtained, using Nicotiana clevelandii protoplasts electroporated with the ACMV constructs in Fig. 1 , was from pCA2. The activity of a complementary sense non-coding region construct, however, was 40-fold lower than that of a GUS construct with a 35S cauliflower mosaic virus promoter construct, pSLJ4D4 (Benfey et al., 1990) . The pCA2 construct was used to standardize the results between experiments. Analysis of other complementary sense constructs showed that deletions of 59 bp and 133 bp in pCA2 (pCA3 and pCA4) reduced the level of promoter activity, indicating that the common region, 0001-0266 © 1991 SGM (Sambrook et al., 1989) . ACMV promoter fragments produced by amplification using the polymerase chain reaction were sequenced using the Sequenase Kit (USB) to verify that no errors had been introduced, pCB3, pCB4, pCB5 and pVB2 were then created by restriction digests using the enzymes shown. The constructs containing fragments of ACMV DNA A (pA) and DNA B (pB) were labelled viral sense (V) or complementary sense (C) to describe their orientation with respect to the GUS reporter gene for promoter analysis. Fig. 1 was determined in N. clevelandii protoplasts. Protoplasts were isolated, divided into aliquots of 105 and electroporated using a Cell-Porator Electroporation System (BRL), essentially as described by Rabussay et al. (1987) , using 10 ~tg of each construct with 200 lag calf thymus DNA as a carrier, at a voltage of 450 V/cm and a capacitance of 1180 p.F for 12 ms. Following an overnight incubation at 25 °C in the dark, the activity of each promoter in the protoplast samples was analysed by measuring the GUS activity using the substrate 4-methylumbelliferyl fl-D-glucuronide in the fluorimetric assay described by Jefferson (1987) and modified by Kosugi et al. (1990) . Activities were standardized by measuring the protein concentration of protoplast samples using the Bio-Rad protein assay kit (Bradford, 1976) . Each column of figures, labelled 1, 2 and 3, represents an experiment on one batch of protoplasts. Background levels of activity were obtained from buffer-treated protoplast samples and a value of 100 was awarded to the ACMV construct with the highest activity (pCA2); this corresponded to 500 pmol substrate/mg protein/ min. pCA2 was used to standardize the results between experiments. (Bevan, 1984) and DNA B constructs were recombined into pCGN587 (Fillati et al., 1987) . These were mated into Agrobacterium tumefaciens LBA4404 (Morris et al., 1988) for the inoculation of N. benthamiana leaf discs (Horsch et at., 1985) . ACMV has been shown to replicate and produce symptoms equally well in both N. clevelandff and N. benthamiana. N. benthamiana was chosen for its relative ease of plant transformation (unpublished data). Kanamycin-resistant plants were regenerated on shoot-inducing medium followed by root-inducing medium. Random leaves from resulting transgenic plants were assayed for promoter activity as described in Table 1 . Each bar represents material assayed from a single transgenic plant. Background levels of activity were obtained from non-transformed N. benthamiana (H) and a value of 100 corresponds to 500 pmol substrate/mg protein/min. protein ORF are required to initiate gene expression although this seems unlikely as the CAT expression studies involved replacement of most of the coat protein gene. Alternatively, expression from the coat protein ORF may require a regulatory element, such as a host or viral component, or simply because of the absence of some specific factor(s) the protoplast system was not able to support the activity of the virion sense promoter of ACMV DNA A. Sequences important to virion sense transcription have been identified within non-coding DNA of the monocotyledonous plant-infecting geminivirus maize streak virus (MSV) which are activated by maize nuclear factors (Fenoll et al., 1988 (Fenoll et al., , 1990 . The low activity recorded for transgenic plants containing the virion sense construct (pVA3) (Fig. 2) was consistent with results obtained in the transient expression study. This demonstrated that host factors were not sufficient to induce higher levels of activity, indicating that the mechanism of activation of MSV sequences is unlikely to occur in ACMV. In agreement with these results, Sunter & Bisaro (1991) recently reported that for the closely related dicotyledonous plant-infecting geminivirus tomato golden mosaic virus there is no expression from the coat protein replacement gene (GUS) when there is a mutation in the AL2 gene (this ORF is equivalent to AC2 in ACMV), but that activity is restored when a wild-type AL2 ORF is present. This implies that a virus-encoded protein regulates coat protein expression.
The viral and complementary sense DNA B promoter constructs (with one exception) showed tow levels of activity in protoplasts (Table 1 c ). The moderate activity recorded for the viral sense construct pVB2 in protoplasts suggested that sequences responsible for repression in the larger construct, pVB1, had been removed. A construct with a 3' truncation of pVB1 showed reduced promoter activity, indicating that the deleted region may be important; this region contains a consensus TATA sequence (Davies et al., 1987) . Unlike the results obtained for pVB1 in protoplasts, transgenic plants containing this construct showed significant activity (Fig. 2) . However, in agreement with the results obtained for the complementary constructs in protoplasts, pCB2 transgenic plants showed low promoter activity. Since both the DNA A and DNA B complementary sense promoters share almost identical nucleotide sequences within the common region, the reduced DNA B promoter activity may be attributed to additional regulatory sequences or to the greater distance between the common region and the cap site of both the CB1 and VB1 ORFs. DNA B genes are required for virus movement within plants, suggesting that they are not required early in infection (Davies & Stanley, 1989) and that their expression may be regulated by some host or viral component.
In summary, the strongest promoter activity was observed from the DNA A complementary sense noncoding region promoter constructs found upstream of the AC 10RF, corresponding to an early requirement for the replication genes. The weak promoter activity detected for the viral sense promoters of DNA A both in protoplasts and transgenic plants indicates that viral factors are likely to be important for regulating the expression of the virus coat protein. This is consistent with the coat protein gene being required later in infection. The activity of the non-coding region of DNA B appeared to be affected by increasing distance between the common region and the transcript cap sites, or the presence of regulatory sequences. Further studies are being undertaken to improve our understanding of the regulation of ACMV promoters.
